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ABSTRACT 



Context. Majority of all galaxies reside in groups of less than 50 member galaxies. These groups are distributed in various large-scale 
environments from voids to superclusters. 

Aims. Evolution of galaxies is affected by the environment in which they reside. Our aim is to study the effects that the local group 
scale and the supercluster scale environment have on galaxies. 

Methods. We use a luminosity-density field to determine density of the large-scale environment of galaxies in groups of various 
richness. We calculate fractions of different types of galaxies in groups with richnesses up to 50 member galaxies and in different 
large-scale environments from voids to superclusters. 

Results. The fraction of passive elliptical galaxies rises and the fraction of star-forming spiral galaxies declines when the richness 
of a group of galaxies rises from two to approximately ten galaxies. On the large scale, the passive elliptical galaxies become more 
numerous than star-forming spirals when the environmental density grows to the density level typical for superclusters. The large-scale 
environment affects the level of these fractions in groups: galaxies in equally rich groups are more likely to be elliptical in supercluster 
environments than in lower densities. The crossing point, where the number of passive and star-forming galaxies is equal, happens 
in groups with lower richness in superclusters than in voids. Galaxies in low-density areas require richer groups to evolve from star- 
forming to passive. Groups in superclusters are on average more luminous than groups in large-scale environments with lower density. 
These results imply that the large-scale environment affects the properties of galaxies and groups. 

Conclusions. Our results suggest that the evolution of galaxies is affected by both, by the group in which the galaxy resides, and 
by its large-scale environment. Galaxies in lower-density regions develop later than galaxies in similar mass groups in high-density 
environments. 

Key words, large-scale structure of Universe - galaxies: groups: general - galaxies: statistics 



1. Introduction 

Galaxies form groups and clusters of various sizes. These groups 
and clusters are distributed in different environments on the large 
scale. Regions of high galaxy density are superclusters, which 
are surrounded by filaments and low-density void areas. 

The properties of galaxies are affected by their cluster 
or group-scale environment. In group environments, galaxies 
exper ience baryonic pro cesses, such as ram pressure strip- 
ping (Gunn & Gotill972h . viscous stripping and strangulation 
(iLarson et al.l Il980l) . and gravitational effects, such as galaxy 
tidal interactions with other galaxies and the cluster poten- 
tial dMoore et al.| [l996). and galaxy merging. These local pro- 
cesses are believed to modify galaxy morpholo gies from spi- 
ral galaxies to gas poor and spheroidal o nes dGunn & Gotll 
ll972tlDresslerll980tlPostman & Gellerl 1984b . According to the 
morphology-density relation, elliptical galaxies are more con- 
centrated in centers of cluste rs than spiral galaxies dDresslerl 
1980: lPostman & Gellerl 1 9 84b. Simi larly galaxies in higher den- 
sities are more lu minous dHamiitonll 1988b . and have lower star- 
formation rates dGomez et alJ 120031) . The dependency of the 
star-formation rate or color with the environment is stronger 
than the dependency between morphology and the environ- 
ment d^uffmann et al.ll2004l : lBlanton et al.ll2005h . According to 
Bald rv et alJ d2006l) . the environmental dependence is at least 
as important as stellar mass in determining the fraction of 



red galaxies in a population. Finally, different types of active 
galactic nuclei (AG N) appear in different local environments 
dHickox et al1l2009h . 

Besides the local group or cluster scale, the properties of 
galaxies depend also on their environment on the large scale. 
The large-scale mo rphology density relatio n was first f o und b y 
lEinasto & Einastol dl987l) . According to iBalogh et all (|2004), 
the fraction of red galaxi es is higher where the surface den- 
sity of galaxies is higher. iPorter et"ai] d2008b have found that 
star-formation ra te of galaxies depend on their location in large- 
scale filaments. ISkibba et al.l d2009l) found significant color- 
environment corre lations on lO/z^Mp c scale in both, spiral and 
elliptical galaxies. Tem pel et alJ d201 lb derived luminosity func- 
tions of spiral and elliptical galaxies in different large-scale en- 
vironments. They found that the luminosity function of ellipti- 
cal galaxies depends strongly on environment, while for spiral 
galaxies the luminosity function is almost independent of the 
large-scale envir onment. The large-sc ale environments of AGN 
were studied by iLietzen et al.l d201 lb . In the same way as in 
smaller scale, radio galaxies favor high-density environments, 
while radio-quiet quasars and Seyfert galaxies are mostly in low- 
density regions. 

In high-density large-scale environments the groups and 
clusters of galaxies tend to be larger and more massive than 
in low-density environments (Ein asto et al.ll2005bb . Because of 
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this, group-scale effects are also present when studying the large- 
scale environments. The effects on galaxy properties on different 
scales up to tens of Mpc can be disting uished using a luminosity- 
density method (Einast oet alJ 120031) . Group and supercluster 
sc ale environmen ts of galaxies have earlier been studied together 
by lEinasto et alJ ((2008). They found that in outskirt regions of 
superclusters, rich groups contain more late-type galaxies than 
in the supercluster cores, whe re the rich groups ar e populated 
mostly by early-type galaxies. Einasto et al] d2007l) found that 
in the high-density cores of rich superclusters there is an ex- 
cess of early type galaxies in groups and clusters as well as 
among galax i es that do not belong to any group. According to 
Einasto etld] (1201 2al) . isolated clusters are poorer than super- 
cluster members. 

Some studies have used the number-density of galaxies to 
study the large-scale environments of galaxies. In these stud- 
ies the large scale usually r efers to scales of a few Mpc. 
IZandivarez & Martinez! d201 ll) found that the Schechter param- 
eters of galaxies in groups at high-density environments do not 
depend on the mass of the group, while in l ow-density regions 
some variation occurs. On the other hand, iBlanton & Berlindl 
(120071) found that on a few Mpc scales the environment is only 
weakly related to colors of galaxies, while t he small-scale en- 
vironment matters more. fWilman et all d2010l) found no correla- 
tion at scales of ~1 Mpc and even an anticorrelation on scales of 
2-3 Mpc in the fraction of red galaxies. 

Of the different ways of determining the environment of a 
galaxy, some are sensitive to the local scales, which depend on 
the size of the dark matter halo surrounding the galaxy. Other 
methods are more sensitive to large scales, which represents 
the environment in the supercluster-void network (Haa s et alJ 
1201 ll iMuldrew et alJl2012h . In this paper, we use spectroscopic 
galaxy and group catalogs based on the Sloan Digital Sky Survey 
(SDSS) to study the environments of galaxies in groups on lo- 
cal and large scale. As a measure for the local scale environment 
we use the richness of the group, and for the large scale envi- 
ronment a luminosity density field smoothed to scales typical to 
superclusters. Our goal is to distinguish between the effects that 
different scales of environment have on galaxies. 

The paper is composed as follows: In Sect. [2] we present 
the data, and describe how the group catalog and the large-scale 
luminosity-density field were constructed. We also describe the 
galaxy classification criteria. In Sect. [3] we present our results 
on the environments of galaxies on group scale and on the large 
scale. In Sect. [4] we compare our results to previous studies and 
discuss the possible implications of our results on galaxy evolu- 
tion. 

Throughout this paper we assume a cosmological model 
with the total matter density Qm = 0.27, dark energy density 
Q A = 0.73, and the Hubble constant Hp = 100k km s" 1 Mpc" 1 
(iKomatsuet al.ll201ll) . 



into groups using a certain linking length. In a flux-limited sam- 
ple the density of galaxies slowly decreases with distance. To 
take this selection effect properly into account we rescaled the 
linking length with di stance, calibrating the s caling relation by 
observed groups ("see iTago et al.l [20081 20101 for details). The 
linking length in our group finding algorithm increases moder- 
ately with distance. 

The most important problem in obtaining the catalogues of 
systems of galaxies has been the inhomogeneity of the result- 
ing samples due to selection effects in search procedures. The 
choice of the metho d and parameters de pends on the goal of the 
study. For example, Berl ind et al.l (12006) applied the FoF method 
to the volume-limited samples of the SDSS with the goal to mea- 
sure t he group mu l tiplici ty function and to constrain dark matter 
halos. I Yang et all J2007) applied a halo-based group finder to 
study the relation between galaxies and dark matter halos over 
a wide dynamic range in halo masses. Our goal is to use groups 
and clusters for large-scale structure studies. In this respect, our 
group catalog are rather homogeneous: the group richnesses, 
mean sizes and velocity dispersions practically do not depend 
on their distance. 

Since the data are magnitude limited, it causes distance- 
dependent selection effects: in farther distances, only the most 
luminous galaxies are detected. The luminosity-dependency 
causes also a color and/or morphology dependency, as the red 
and elliptical galaxies tend to be more luminous than blue and 
spiral galaxies. To reduce the distance effects we limited our 
data between distances 120 and 340/;" 'Mpc (in redshift range 
0.04-0.1 16). This is the most reliable part of the galaxy data. At 
distances less than 120 /z" 1 Mpc, there are extremely rich clus- 
ters that are not seen at larger distances. At distances of more 
than 340/?~ 1 Mp c the richness of groups drops down rapidly 
(Tago et aT1l2010l) . After limiting the distance, our data contains 
306 397 galaxies which belong to 45 922 groups. Despite this 
limitation, the average color of galaxies still depends on the dis- 
tance. The average g — r color of galaxies with distance from 120 
to 140/r'Mpc is 2.3, while for galaxies from 320 to 340 /T 1 Mpc 
it is 2.9. 

The apparent magnitude m (corrected for the Galactic extinc- 
tion) was transformed into the absolute magnitude M according 
to the usual formula 

M A =m A -25-51og 10 (d L )-K, (1) 

where di is the luminosity distance in units of /r'Mpc, K is 
the A: -He-correction, and the index A refers to the ugriz filters. 
The ^-corr ections were calculated w ith the KCORRECT (v4_2) 
algorithm (Bl anton & Roweisl 120071) and the evolution correc- 
tions were es ti mate d, using the luminosity evolution model of 
IBlanton et alJ (2003). The magnitudes correspond to the rest- 
frame (at the redshift z = 0). 



2. Data 

2.1. Galaxy and group sample 

We used flux-limited galaxy and group c atalogs based on 
the eighth data re lease (DR8) of the SDSS (lYork et al.l l2000l 
lAihara et"aDl201 ll) . The details of th e galaxy and group cata- 
logs used in this study are given in Tern pel et alJ 12012) . We 
determine groups of galaxies using the friend-o f-friend cluster 
analys is that was introduced in cosmology by Turner & Gottl 
This method was named friends-of-friends (FoF) by 
lPress&Davisldl982l) . With the FoF method, galaxies are linked 



2.2. Estimating the environmental densities 

As a measure of the large-scale environment we use a 
luminosity-density field that is smoothed to scales characteris- 
tic to superclusters. To construct the luminosity-density field, the 
luminosities of galaxies are corrected by a weighting factor in or- 
der to take into account the luminosities of galaxies outside the 
magnitude window of the survey. The weighting factor Wi(d) is 
defined as 



W L (d) = 



J™L<p(L)dL 



(2) 
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Fig. 1. The number of groups of different richnesses in four lev- 
els of large-scale density D. 



where Li_2 = L lO°- 4(M °~ Ml - 2) are the luminosity limits of the 
observational window at the distance d, corresponding to the 
absolute magnitude limits of th e window Mi and w e took 
M Q = 4.64 mag in the r-band dBlanton & Roweisll2007h . <f>(L) 
denotes the galaxy luminosity f unction. The luminos ity function 
was calculated as described in Tempe l et alJ d201 lb . and it can 
be approximated by the double power-law 



<f>(L)d(L) oc (L/Lyf-^diL/L*) 



(3) 



where a is the exponent at low luminosities, 5 is the exponent 
at high luminosities, y determines the speed of the transition 
between the two power laws, and L* is the characteristic lumi- 
nosity of the transition. The used parameters are: a = -1.305, 
6 = -7.13, y = 1.81, and M* = -21.75 (corresponds to L*): 
th is function is consist ent with the luminosity function derived 
in lBlanton etai1(l2003l) . 

After correcting for the luminosities, the luminosity-density 
field is then calculated on a cartesian grid using a 8 /i^'Mpc B3- 
spline smoothing kernel, wh ich corresponds to the supercluster 
scale (Liivamagi et al.l2012l) . The density values (D) are normal- 
ized so that the densities are shown in units of the mean density 
of the fi eld. Details on how the density field is calculated are 
given in iLiivamagi et al.1 (120121) . Regions with the large-scale 
density D > 5.0 can be defined as superclusters. 

While calculating the density field, we also suppress the 
finger-of-god redshift distortions using the rms si zes of galaxy 
groups in the sky and their rms radial velocities. ITempel et al.l 
(1201 2l) showed that this procedure makes the galaxy distribution 
in groups approximately spherical, as intended. 

We refer to Liivamagi et al. (2012]) and ITempel et al.l d2012l) 
for more details how the density field is calculated. 

Figure Q] shows the numbers of groups with different rich- 
nesses in different levels of D. Densities 0.0 < D < 2.0 are 
characteristic for void regions, 2.0 < D < 4.0 are typically fila- 
ments, 4.0 < D < 6.0 are edges of superclusters, and the densi- 
ties 6.0 < D < 8.0 are supercluster core areas. The total number 
of galaxies in areas with D > 8.0 is low, since the densest cores 
are small in volume. Because of this, we do not analyze these 
regions here. Figure Q] shows that in void areas, groups are pre- 
dominantly poorer than in denser large-scale environments. 



2.3. Spectral and morphological classification 

Active galaxies in the SDSS DR8 are divided in classes by their 
spectr al emission lines using the criteria by iBrinchmann et al.l 
(12001 . The classification is based on emission line ratios 
[Oin]/HyS and [NifJ/Ha-. Galaxies with very weak or no emis- 
sion lines are defined unclassifiable. We use this class as our 
sample of passive galaxies. Of the galaxies with strong emission 
lines, star-for ming galaxies and AG N were distinguished by cri - 
teria found by Kewlev et al. ( 2001 ) and Kauffma nn et al.l (|2003). 
In this work, we use the AGN and star-forming galaxies, but not 
galaxies with composite spectra that have features between the 
two classes. We also omit galaxies with low S/N classification as 
star-forming or AGN. Our data consists of 84 427 passive galax- 
ies, 89713 star-forming galaxies, and 9773 AGN. 

We use the morph ology classification that is carried out 
in ITempel et al.l d201 ll) . This classification takes into account 
the SDSS model fits, apparent ellipticities (and apparent sizes), 
and different galaxy colors. Additionally, the morphology is 
combined with t he probabilities of being ellip t ical or spiral 
galaxi es given bv lHuertas-Com panv et al. (2011). Tempe r et al.l 
d2012l) showed that th i s clas sification agrees well with the 
Huer tas-Companv et al.l d201 lb classification. In our classifica- 
tion, the galaxies are divided into spirals, ellipticals/SO, and 
galaxies with uncertain classification. We drop galaxies with un- 
certain classification out of our sample, and get 37 683 passive 
ellipticals, 15 614 passive spirals, 1513 star-forming ellipticals, 
and 78 566 star-forming spirals. For about 47% of the galax- 
ies, the classification is unclear. The reaso n is twofold. Firstly, 
our classification in ITempel et al.l d20 l[) is conservative and 



second ly, we use only galaxies, where iHuertas-Companv et al.l 
(1201 ll) classification agrees with our classification. Hence, our 
classification is rather conservative and leaves out uncertain 
galaxies that may in fluence our an a lysis. 

According to iFukugita et al.l {2004), approximately 3 % 
of early- type g alaxie s are star-forming. On the other hand, 
Bam ford et al.l d2009l) have found that of the red (non-star- 
forming) galaxies, 67 % have early-type morphology. Our data 
has a similar distribution: passive elliptical galaxies make ap- 
proximately 70 % of passive galaxies, and approximately 4 % of 
elliptical galaxies are star-forming. 

Figure [2] shows the fractions of different types of galaxies 
at different redshifts. The fractions were calculated in bins of 
z = 0.01. The number of star-forming spiral galaxies declines 
strongly with increasing distance. Also, further away galaxies 
are smaller and appear rounder in the sky, which makes it harder 
to classify the galaxies. Because of this, the number of galaxies 
with unknown morphology increases with distance. This means 
that there are distance-dependent effects in our results. This is 
caused by the magnitude-limited data. Since the passive ellip- 
tical galaxies tend to be more luminous than the star-forming 
spiral, they can be observed from higher distances. The distance 
range of our data, 120 to 340 /r'Mpc or 0.04 to 0. 1 16 in redshift, 
corresponds to ~ 0.6 Gyr, and it is small enough to exclude sig- 
nificant evolutionary effects within the data. 



3. Results 

3. 1 . Large-scale environments 

Basic environmental properties of our five data samples are 
shown in TableQ] The Table gives the number of galaxies in each 
sample, average colors of the galaxies, and the average group 
richness A^ r j cn and large-scale density D in the environment of 
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Sample N (g - r) <^ r ich> 

Passive elliptical 37683 0.796 + 0.001 10.0 ±0.2 
Star-forming elliptical 1513 0.70 ± 0.008 
Passive spiral 15614 0.776 ± 0.002 

Star-forming spiral 78566 0.512 + 0.001 
AGN 9773 0.737 + 0.002 



10.0: 

4.2 + 

12.4: 

4.5 i 



0.2 
0.3 

:0.3 

0.1 



6.6 + 0.3 



(D) 
3.19 ±0.02 
2.32 ± 0.05 
3.3 ± 0.03 
2.1 ±0.01 
2.58 ± 0.03 



Table 1. Statistics of the galaxy samples: Number of galaxies (N), average color ((g - r)), average group richness ((A^ r j cn )), and 
average large-scale density ((D)). 
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Fig. 2. Fractions of different types of galaxies as a function of 
redshift. 



the different types of galaxies. The data shown here includes 
galaxies in all group richnesses from field galaxies to clusters 
of more than a hundred galaxies. Errors are standard errors of 
the average. 

Table Q] shows that passive galaxies with both, elliptical and 
spiral morphology have higher density environments than star- 
forming galaxies. AGN settle in between: they have slightly 
richer environ ments than star- forming galaxies, but not as rich 
as the passive. iPasquali et al.l (l2009l) also found that optically 
selected AGN reside in more massive halos than star-forming 
galaxies, but less massive than radio-emitting galaxies. The dif- 
ferences can be seen on both, the group scale and the large scale. 
From these values alone, we cannot see which scale is the main 
cause of the differences. 

Figure [3] shows the average relative large-scale density for 
the galaxy samples as a function of group richness. Galaxies 
are divided in bins by the richness of groups where they reside 
with binning of ten galaxies. The average large-scale environ- 
mental density is calculated for galaxies in each class in each 
bin. The density is divided by the average density of galaxies of 
all types in the richness bin. As a result, we see how the envi- 
ronments of different types differ from the average environment 
of all galaxies. With the same group richness, passive galax- 
ies always have higher density environments than star-forming 
galaxies and AGN. There is very little difference between the 
large-scale environments of spiral and elliptical passive galaxies. 
The similarity in environments of passive galaxies of both mor- 
phological types is supported by the group-scale results based 
on Galaxy Zoo (Bamford et al. 2009: ISkibba et all I2009). and 
STAGES ( Wol f et al.l2009l) . For AGN in the smallest groups the 
large-scale density is higher than for spiral star-forming galaxies. 
In richer groups, AGN and star-forming galaxies have approxi- 
mately equal large-scale densities. 
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Fig. 3. Relative large-scale environments of different types of 
galaxies. The average large-scale density of each type divided 
by the average density of all galaxies is shown as a function of 
group richness. The error bars show Poisson errors. 



The relative fractions of different types of galaxies in dif- 
ferent large-scale density levels are shown in Fig. [4] The num- 
ber of galaxies of each type was counted in each bin of 1.0 
mean densities. The fraction of each type was then calculated 
by dividing this number by the number of all galaxies in the 
bin (including galaxies with unknown classification). All galax- 
ies are more commonly in low-density regions, as was seen 
in Fig. [TJ The error bars shown in Fig. [4] are Poisson errors, 
and since the number of galaxies is high, the errors are small. 
The top panel of the figure shows the distribution of all galax- 
ies in the magnitude-limited sample between distances 120 and 
340/r'Mpc. To study the possible distance effects that may be 
caused by the magnitude-limited sample, we did the same calcu- 
lation for a volume-limited sample (bottom panel of Fig. |4j». The 
volume-limited sample was formed by a cut at absolute mag- 
nitude M r = -19 and a distance cut at 225/i _I Mpc. There are 
no significant differences between the volume and magnitude- 
limited samples. 

The fractions of different types of galaxies presented Fig. |4] 
show that when moving towards higher large-scale densities, 
the fraction of passive galaxies rise while the fraction of star- 
forming galaxies drops. Passive elliptical galaxies become more 
numerous than spiral star-forming galaxies at the density level 
of five times the mean density, which is approximately the lower 
limit for supercluster regions. Also the fraction of passive spiral 
galaxies rises towards higher densities. 

The fraction of AGN is equally small at all densities. 
According to the Kolmogorov-Smirnov test, the relation be- 
tween the large-scale density and the fraction of AGN does not 
differ significantly from a random sample of galaxies of the same 
size. 
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Fig. 4. Fractions of different samples of galaxies as a function of 
the large-scale environmental density. Top panel shows the frac- 
tions for the complete magnitude-limited sample of galaxies be- 
tween distances 120 and 340/z~ 1 Mpc. Bottom panel shows the 
fractions in a volume-limited sample with M r < -19 and dis- 
tance between 120 and 225 /i^'Mpc. The numbers of galaxies 
are counted in bins of 1.0 density units. 



Figure [5] presents the effect of distance-dependency on the 
fractions of different types of galaxies. The figure shows the 
fractions in the magnitude-limited sample as in Fig. [4] but sep- 
arately for distances from 200 to 250 /z~' Mpc, and from 290 to 
340 /T 1 Mpc. The results are qualitatively similar: the fraction 
of star-forming galaxies drop and the fraction of passive galax- 
ies rises when moving towards higher densities. This implies 
that although the exact values of the fractions of different types 
of galaxies depend on the sample volume, the phenomenon of 
observed environmental dependency is not caused by distance- 
related selection effects. In the higher distance in terval, 290 to 
340/?~ 1 Mpc, there are fewer rich superclusters dEinasto et alj 
I2012ah . and so the number of galaxies in the highest densities 
is small and random fluctuations become larger. 



3.2. Group properties and environment 

To study the group-scale effects on galaxies, we use richness 
A^-^jj and total luminosity L r of the group as measures. They 
are correlated, but we can see in Fig. [6] that their relation de- 
pends on the large-scale density. The figure shows the average 
luminosity of groups as a function of group richness in four 




Fig. 5. Fractions of different samples of galaxies as a func- 
tion of the large-scale environmental density, as in Fig. [4] 
but for magnitude-limited sample in two distance bins: 200 to 
250 /T 1 Mpc (top) and 290 to 340/T 1 Mpc (bottom). 



large-scale density bins. Luminosities were calculated in rich- 
ness bins of five galaxies. Groups in higher large-scale densities 
are on average more luminous when their richness is the same. 
This seems to imply that halo mass, which is strongly correlated 
with richness, does not completely explain the total luminosi- 
ties of groups. The mass-to-luminosity ratio may depend on the 
large-scale environment. The main reason for this result is that 
the most luminous galaxies are more often in high-density envi- 
ronments. We showed in Fig.[3]that passive galaxies are on aver- 
age in higher density large-scale environments than star-forming 
spirals. Since the most luminous galaxies are passive ellipticals, 
it is expected that average luminosities are higher in high-density 
regions. 

Figure Q shows the fractions of different samples of galaxies 
as a function of the group richness. The fractions are calculated 
in richness bins of five galaxies. The left-hand plot shows the 
results for galaxies in large-scale environments with density D < 
5.0, while the right-hand plots show the results for galaxies in 
supercluster regions with density D > 5.0. 

The fractions of different types of galaxies depend on their 
group-scale environment in the same way as their large-scale 
environment: the richer the group, the more passive galaxies 
it contains. The rise in the fraction of passive (red) galaxies 
as a function of richne ss in small groups ha s also been found 
bv lHansen et all d2009l) and fWeinman n et al.l (|2006). However, 
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Fig. 7. Fractions of different samples of galaxies as a function of group richness in regions with lower density large-scale environ- 
ment (left) and in superclusters (right). Error bars show the Poisson errors. 
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Fig. 6. Average luminosity for groups as a function of group rich- 
ness in four large-scale density bins. 



there is a difference between the supercluster environments and 
the low-density environments that can be seen even when the lo- 
cal environment is the same. In low-density environments the 
numbers of passive elliptical and star-forming spiral galaxies 
are equal in groups with ten or more galaxies, while in the su- 
percluster environments the fraction of elliptical galaxies be- 
comes larger . This result is in accordance w ith the results by 
iTempel et all d2011l) and lEinasto et all d2007l) . The fraction of 
passive spiral galaxies rises moderately with the group rich- 
ness, but it does not depend on the large-scale environment. The 
fraction of AGN slightly decreases in supercluster environment, 
while in void or filament environment it is constant. This was 
also seen in Fig. [3] 

The most prominent dependency on the environment is the 
difference between star-forming and passive galaxies. To study 
this in more detail, we calculated the fractions of all star-forming 
and passive galaxies regardless of their morphology. We divided 
these galaxies in four bins based on their large-scale environ- 
ment: 0.0 < D < 2.0 (typically voids), 2.0 < D < 4.0 (fil- 
aments), 4.0 < D < 6.0 (edges of superclusters), and 6.0 < 
D < 8.0 (supercluster cores). The fractions of star-forming and 
passive galaxies as functions of group richness and group lu- 



minosity in these density bins are shown in Fig. [8] To smooth 
the curves and improve the reliability, we used a binning of two 
galaxies in group richness. In all the bins of all samples up to 
group richness of ten galaxies the number of galaxies is more 
than a hundred. For luminosities, the fractions were calculated 
in bins of 5 x 1O 1O /T 2 L . 

The crossing point at which passive galaxies become more 
numerous than star-forming moves to lower group richness when 
the large-scale density grows. In low-density regions in groups 
of more than eight galaxies the fractions of passive and star- 
forming galaxies are approximately equal, while in higher den- 
sity regions the fraction of passive galaxies gets higher, while 
the fraction of star-forming galaxies gets lower. When the large- 
scale density gets close to the supercluster limit (D ~ 5), in- 
creasing the density does not change the fractions any further. 
The dependence of the crossing point on the large-scale density 
can also been seen in luminosity, although the differences be- 
tween the density levels are smaller. 

The differences between the supercluster environment and 
the low-density environment may be due to different evolu- 
tion between galaxies in high and low-density environments. 
Properties of galaxies that are characteristic to galaxies in early 
phases of their evolution are more often found in low-density 
environments. In Figs. [7] and [8] we can see that the group scale 
affects galaxies in the smallest groups. In richer groups the frac- 
tions of different types of galaxies are almost independent of 
group richness. A possible explanation for this is that in the small 
groups, the evolution is still in progress. Larger groups have been 
formed through mergers of smaller groups, and they are older 
and more mature structures. 

We also calculated average g — r colors of galaxies in dif- 
ferent large-scale environments as a function of group richness. 
The results are shown in Fig. [9] for all galaxies, divided in the 
four bins of large-scale density. On average, galaxies are ap- 
proximately 0.05 magnitudes redder in supercluster areas than in 
voids. The transition from star-forming to passive galaxies can 
be seen in galaxy colors. The average color gets redder when 
the group richness rises to ~10 galaxies. For richer groups, the 
color is independent on group richness, indicating that forma- 
tion of these groups is more or less finished. However, this does 
not mean they are vi rialised, they can still contain substructures 
(Eina sto et alj|2012bh . The color-dependency found in Fig. [9] is 
caused by changes in the relative fractions of star-forming and 
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Fig. 8. Fractions of passive (solid lines) and star-forming (dashed 
line) galaxies as functions of group richness (top) and luminos- 
ity (bottom) in four large-scale density bins. The fractions are 
calculated in richness bins of two galaxies and luminosity bins 
of 5 x 1O 1O /T 2 L . 

passive galaxies. The colors of different types of galaxies do not 
depend on their environment on group or supercluster scale. The 
average colors are those presented in Table [T]regardless of envi- 
ronment. Therefore, the dependency between color and environ- 
ment is another way to express the dependency between star- 
forming activity and the environment. Our resul ts are consis- 
tent with other stud ies based on colors of galaxies dHansen et alj 
l2009tlSkibball2009h . 

3.3. Distribution of galaxies in groups 

To study the possible differences in radial distribution of ellipti- 
cal and spiral galaxies in groups, we have analysed their three- 
dimensional spatial distribution around the center of the group. 
We have used the given group distance and the projected co- 
ordinates to calculate the group center (x c , y c , z c ), after which 
we measured the separation from this point for all the galaxies 
in the group. For galaxy distances we have used the co-moving 
distances where the finger-of-god effect is suppressed. To study 
all groups together and to evaluate the possible differences be- 
tween galaxy types, we calculated the mean value of the sepa- 
rations for all galaxies in the groups. First we selected the data 
by the surrounding large-scale density D < 5.0, and divide the 
sample in two categories by distance: groups that are closer than 
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Fig. 9. Average g — r color of galaxies as a function of richness 
of their group for galaxies in four bins of large-scale density. 



200 h Mpc and groups that are beyond this region. Our analysis 
shows that there is no difference between the mean distances of 
galaxies in the groups as a function of distance. This is a good 
sign as this shows that there is no bias in the galaxy type distri- 
bution that would depend on the distance. All values we refer in 
the text later on, are for the whole sample. If we further divide 
the group sample to passive and star-forming galaxies and add 
another environment D > 5.0, we have four different galaxy pop- 
ulations in two different large-scale environments. The results 
show that elliptical galaxies and spiral galaxies are distributed 
in a different way. In the low density sample passive elliptical 
galaxies have a mean separation of 0.307 ± 0.001 /z^'Mpc, while 
the passive spiral galaxies are further away with the mean dis- 
tance of 0.344 ± 0.003 /i^'Mpc. In the high density region the 
mean separations are larger: 0.617 + 0.006 ft -1 Mpc for elliptical 
galaxies and 0.705 + 0.01 /i^'Mpc for spiral galaxies. The same 
feature is also observed among star forming galaxies and the re- 
ferred values are approximately the same. 

To further study if the mean separations depend on the num- 
ber of members we made another test. The same surrounding 
densities were used, and groups of galaxies were divided to poor 
sample with A^ch = 3 or 5 and rich sample with A^.j c jj > 10. 
The results was that in general both elliptical galaxies and spiral 
galaxies have larger mean distances in rich groups. For A^ch = 
3 the mean distance is ~ 0.2/z~'Mpc and for = 5 the 

distance is ~ 0.3 /i^Mpc and for Nj.^ > 10 the distance is al- 
ready ~ 0.5 - 1 .0 /i^'Mpc. This was expected since richer groups 
are typically larger by size. Also in these samples the mean dis- 
tances are larger for spiral galaxies than for elliptical galaxies. 
However, if we fix the number of members in the group, the 
separations do not depend as much on the large-scale density as 
before. Only in the A^ch > 10 sample there are notable dif- 
ferences in the mean distances for galaxies at different densi- 
ties. Since the group richness has different distribution in dif- 
ferent large-scale galaxy densities, the global mean values differ 
for large groups. These are interesting results showing impor- 
tance of group richness to the mean distances of elliptical and 
spiral galaxies. Passive and starforming galaxies behave prac- 
tically in the same way in most samples. Again, only for rich 
groups there are systematic differences in the mean distances. 
Star-forming galaxies have ~16 % larger distances than those for 
passive galaxies. 
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4. Discussion 



Our results suppo r t the c onclusion of Bamford et al. (20091) and 
Ivan der Wei et al.l ([2010), that color and structural parameters 
of galaxies depend differently on the environment. Star-forming 
galaxies have lower group richness and large-scale density than 
passive galaxies regardless of morphology. For spiral galax- 
ies, the dependency o f star-formation rate and the e nvironment 
was also observed by [koonmann & Kennevl d2004l) . Based on 
these studies we can conclude that what we observe as the 
morphology-density relation is mostly due to spiral galaxies be- 
ing usually star-forming and elliptical galaxies passive. 

Several mechanisms have been suggested for quenching star 
formation in galaxies. These include interactions between the 
gal axy and the surro unding intrac luster mediu m (see review 
by van Gorkomll2004l) and mergers of galaxies dHopkins et alj 
2008) . Mergers are e xpected to happen in small groups. 
Sol Alonso et alJ d2006l) found that galaxy interactions are effec- 
tive at triggering star-formation activity in low- and moderate- 
density environments. Different distribution of star-forming and 
passive galaxies in low and high-density environments hints 
that some environmental effect affects the quenching of star- 
formation. We found that passive galaxies with both, elliptical 
and spiral morphology prefer richer groups and higher large- 
scale densities than star-forming spirals. This result indicates 
that the environmental effects can quench star formation both, 
by changing the morphology of the galaxy f rom spiral to el- 
liptica l, and without affecting the morphology. Kauffmann et alj 
(2004) concluded that since the morphology does not depend on 
the environment, the trend in star formation cannot be driven by 
processes that alter structure, such as mergers or harassment. 

According to our results, the fraction of AGN of all galaxies 
does not depend strongly on group r ichness or the large-scale 
environment. In iLietzen et alj d201 lb radio quiet quasars and 
Seyfert galaxies, which were selected by the same criteria that 
we use here, were distributed predominantly in low-density envi- 
ronments. Based on the results in this paper, the rad io-quiet AGN 
may r eflect the overall distribution of galaxies. ILietzen et alJ 
(2009) found that quasars have less neighboring galaxies than lu- 
minous inactive galaxies. The difference between their result and 
the one in this paper is due to their control sample, which con- 
sisted of very luminous galaxies. The most luminous galaxies 
are more likely to be located in high-density e nvironments. On 
the oth er hand, our results agree with those of ISilverman et al] 
who found that the fraction of group galaxie s hosti ng an 
AGN is similar to field galaxies, and iMartini et alj J2007) who 
found that AGN do not show any evidence of different substruc- 
ture distribution than inactive galaxies in a cluster. The flat dis- 
tribution of AGN ( in Figs. [4] and [7])suggests that the environ- 
ment does not have a strong effect on triggering AGN. We found 
small differences in the average large-scale density as a function 
of group richness of AGN compared to other types of galaxies 
(Fig.O. This result may indicate that in regions with high large- 
scale density, AGN would be more likely in smaller groups than 
in regions with low large-scale density. 

There are several studies which indicate that galaxy proper- 
ties also de pend on the large-scale environmen t in which they 
reside (e.g. iPark etall 120081: ICooper et al.ll2010l) . In these stud- 
ies the large-scale environment is often interpreted as relatively 
small regions around the object under study, kpc to a few Mpc. 
Here the large-scale environment refers to different density lev- 
els of the large-scale galaxy density field and its characteristics; 
superclusters and voids ranging scales from ten to a hundred 
Mpc. We found that the fractions of different types of galax- 



ies depend on both, group richness and the large-scale density. 
Galaxies in equally rich groups are more likely to be passive if 
they are in supercluster environments than if they are in low den- 
sity region (Figs.\7\and^. This result implies that the large-scale 
environment affects the galaxy and gro up properties. A similar 
result was found by lEinasto et al.l d2008l) for individual rich su- 
perclusters. They reported that in equally rich groups there are 
more early-type galaxies in supercluster cores than in the out- 
skirts of superclusters. Also the galaxies that do not belong to 
any group are more often early-type if they are in supercluster 
cores. 

Using spectrocop ically identified compact group galaxies 
IScudder et al.l d2012l) showed that star-formation rates of star- 
forming galaxies are significantly different between isolated 
groups and groups embedded within a larger systems. Isolated 
groups with same stellar mass exhibit enhanced star formation 
relative to the embedded groups. Based on a statistical study 
of galaxi es in voids and void w alls in the SDSS and 2dFGRS 
catalogs, ICeccarelli et alJ d2008h report that the galaxy popula- 
tion is also affected by large- s cale modulation of star formation 
in galaxies. ISorrentino et alJ (120061) studied galaxy properties 
in different large-scale environments in the SDSS DR4. They 
concluded that the fraction of late-type galaxies decreases and 
the fraction of early-type galaxies increases from underdense 
to denser environments. This transition is a smooth continuity 
of galaxy properties from voids to clusters. This implies that 
the method through which the environment affects the galax- 
ies changes gradually with the increasing density rather than a 
phen omenon tied to a cer tain threshold density. 

lEinasto et al. (2005a) showed by numerical simulations that 
in void regions only poor systems are formed, and these systems 
grow very slowly. Most of the particles are maintained in their 
primordial form, remaining non-clustered. In superclusters the 
dynamical evolution is rapid and starts earlier, consisting a con- 
tinua of transitions of dark matter particles to building blocks 
of galaxies, groups, and clusters. Moreover, dark matter halos 
in voids are found to be less massive, less luminous, and their 
growth of mass is suppressed and stops at earlier epoch than in 
high-density regions. The merger rate is a function of the en- 
vironmental density dGottlober et alJ|2003h jColberg et al. 2005; 
lEinasto et alJ2005aHFakhouri & Mal2009h . fTempel et al] (12009) 
showed that during the structure formation of the Universe, halo 
sizes in the supercluster core regions increase by many factors, 
while in void regions, halo sizes remain unchanged. Thus during 
the evolution of structure the overall density in voids decreases, 
and that supresses the evolution of the small-scale protohalos in 
voi ds and low d e nsity r egions. 

iKeres et ail d2005l) used hydrodynamical simulations to 
study hot and cold gas supply to the galaxies. They concluded 
that cold and hot gas modes depend on galaxy redshift and en- 
vironment. Cold gas which dominated at high redshifts and low 
density regions nowadays may have import ant contribut i on for 
the star-formation rate in low mass systems. [Cowie et al] (f 1996) 
found evidence of a cosmic downsizing: during the structure for- 
mation gal axies transform from star-forming stage to passive. 
ICenl (1201 ll) showed through hydrodynamical simulations that for 
galaxies at z=0 star formation is efficient in low density regions 
while it is substantially suppressed in the cluster environments. 
During the hierarchical structure formation, gas is heated in high 
density regions (groups, clusters, and superclusters) and every 
time larger fraction of the gas end up too hot (high entropy) 
phase to continue feeding the residing galaxies. As a result cold 
gas supply to galaxies in these regions is suppressed. The net 
effect is that star formation gradually shifts from larger halos 
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which populate overdense regions to the lower density environ- 
ments. Thus lack of cold gas due to gravitational heating in dense 
regions may provide physical explanation for cosmic downsiz- 
ing and one of its manifestations observed as color-density rela- 
tion. 

This evolution predicted by numerical simulations might be 
seen in the observational results of this paper. Our results imply 
that the environment may affect the galaxy evolution and proper- 
ties on two overlapping levels. At the first level, via large-scale 
density field, which affects the evolution of galaxy and group 
size halos depending on field density. At the second, more lo- 
cal level, via gas supply together with baryonic and gravitational 
processes in groups that host galaxies. Figure [8] can also be in- 
terpreted as an evidence that galaxies in lower-density regions 
developed later than galaxies in similar mass groups in high- 
density environments. This can be studied in more detail through 
the assembly history of groups in numerical simulations. 

5. Summary and conclusions 

In this paper, we have studied the environments of galaxies of 
the SDSS DR8 between distances 120 and 340/z _1 Mpc. We di- 
vided the galaxies in different samples based on their spectral 
properties and morphology. We measured the large-scale envi- 
ronment using a luminosity-density field, and the group-scale 
environment with the group richness. Our main results are the 
following: 

- Passive galaxies are located in denser large-scale environ- 
ments than star-forming galaxies. There is no significant dif- 
ference between passive elliptical and passive spiral galax- 
ies. 

- The fraction of galaxies that are star-forming declines, and 
the fraction of passive galaxies rises when the richness of 
a group rises from one to approximately ten galaxies. In 
groups with richness between 20 and 50 galaxies, the frac- 
tions of different types of galaxies do not depend on group 
richness. 

- The group richness at which the passive galaxies become 
more numerous than the star-forming depends on the large- 
scale environment. When the large-scale density grows from 
levels typical to voids to supercluster regions the group rich- 
ness where most galaxies become passive declines. Also the 
level of fractions of star-forming and passive galaxies in rich 
groups depends on the large-scale environment: in voids the 
numbers of passive and star-forming galaxies stay approxi- 
mately equal in groups with more than 10 galaxies, while in 
superclusters the fraction of passive galaxies is considerably 
larger. 

- Equally rich groups are more luminous in supercluster re- 
gions than in voids. 

- The fraction of galaxies with an AGN does not depend 
strongly on group richness or the large-scale density. 

We conclude that the galaxy evolution is affected both, by the 
group where the galaxy resides, and by its large-scale environ- 
ment. As a next step we are planning to use numerical simula- 
tions to study the plausible baryonic and gravitational processes 
that determine the galaxy evolution in groups of galaxies in dif- 
ferent large-scale environments. Our another important approach 
is to study more detail groups observables which are known to 
characterise groups physical properties e.g. Hi content, stellar 
mass, and X-ray properties. 
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